a b s t r a c t P-wave dispersion (PWD, Pd or Pdis) is a noninvasive electrocardiographic (ECG) marker for atrial remodeling and predictor for atrial fibrillation (AF). PWD is defined as the difference between the widest and the narrowest P-wave duration recorded from the 12 ECG leads. Increased P-wave duration and PWD reflect prolongation of intraatrial and interatrial conduction time with lack of a well-coordinated conduction system within the atrial muscles, with inhomogeneous, asynchronic, pro-inflammatory and antiinflammatory effect mediated by interleukin-6 (IL-6) in patients with the CG þ GG genotype IL-6 -634C/G polymorphism [1] and discontinuous propagation of sinus impulses mainly between the left and right atria, interstitial/extracellular fibroblast activation and collagen deposition with fibrosis (via TGF-b) in atrial tissue, insufficient blood supply, significant not isotropic myoelectric activity, and thin wall thickness and consequent expansion tendency all well-known electrophysiological characteristics in patients with atrial arrhythmias and especially paroxysmal atrial fibrillation (PAF) [2] .
In experimental and even clinical scenarios of AF extracellular fibrosis and inflammation as well as downregulation of several ion channels and gap junctions, nexus or macula communicans have been documented in atrial tissue. Both AF and cardiac heart failure (CHF) are associated with excess amount of reactive oxygen species (ROS). These can cause trigger activity type arrhythmias (early after depolarizations (EADs) and delayed after depolarizations (DADs)), reentry and potential therapeutic targets [3] . Due to triggered activity, arrhythmias are often due to problems in the ion channels in the heart muscle cells. They can also occur as a side effect of certain anti-arrhythmic drugs such as digitalis. Excess amount of ROS alters multiple cardiac ion currents: Activation of CaMKII, c-Src, and PKC may mediate several important effects of ROS on ion currents resulting in arrhythmia. ROS produces Na þ current reduction (via PKC and c-Src, also via abnormal splicing mRNA) and reduction conduction velocity, abnormal splicing, activation of CaMKII, c-Src, and PKC are among emerging new antiarrhythmic therapeutic targets. ROS may also alter intracellular Ca 2þ handling in a way that generates arrhythmia. ROS may stimulate the inward L-type Ca 2þ current (direct or via CaMKII activation facilitating after depolarization, which can facilitate EADs) with abnormal depolarization during phase 2 or phase 3. ROS is also responsible by inhibition of Kþ channels I to , I Kr , I Ks and K ATP with consequent abnormal repolarization. ROS causes adversely affected splicing of mRNA of cardiac Na þ channels resulting in abnormal truncated cardiac Na þ channel proteins and a reduction in normal Na þ channels.
In the extracellular matrix ROS promotes cardiac fibrotic process (via TGF-b) with reduction in conduction velocity and impaired myocyte-myocyte coupling due to collagen deposition.
ROS impairs gap junction affecting assembling of Cx43, resulting in reduced myocyte coupling and velocity facilitation of reentry.
Activation of Ca 2þ /CaM-dependent kinase II, c-Src tyrosine kinase, protein kinase C, and abnormal splicing of cardiac Na þ channels are among the recently discovered molecular mechanisms of ROS-induced arrhythmia.
ROS produces NCX activation, increasing inward current afterdepolarization and increasing late Na þ current (phase 2 of action potential) facilitating afterdepolarization. A new selective cardiac late Na þ current inhibitor confers concurrent protection against autonomically induced atrial premature beats (APBs), and dual protection against vulnerability to ischemia-induced AF, and reduces atrial and ventricular repolarization abnormalities before and during adrenergic stimulation without negative inotropic effects [4] . In summary, ROS 
Normal limit values of P-wave dispersion (PWD)
The normal value of PWD is 29 ± 9 ms. Aytemir et al. [5] refer a maximum PWD value of 36 ms. PWD 40 ms indicates the presence of heterogeneous electrical activity in different regions of the atrium that might cause atrial tachyarrhythmias (ATAs). Thus, PWD is a strong predictor of ATAs and especially AF.
Possible scenarios where P-wave dispersion could be present

A) Physiological
➢ Young athletes of high performance: PWD is increased in young athletes of high performance and is positively correlated with training duration and baseline heart rate. The increase in PWD is secondary to a significant decrease in Pmin [6] . B) Pathological 1. Cardiovascular disorders ➢ Hypertension: hypertension associated with left ventricular hypertrophy, diastolic dysfunction and increased left atrium (LA) diameter/volume are associated with PWD, a marker for AF [7] . ➢ Coronary artery disease Coronary slow flow (CSF):
CSF may be related to increased PWD and corrected QT dispersion (QTcd), a prolonged Tp-e interval, and Tp-e/QT ratio, and impaired diastolic filling. Trimetazidine, a cytoprotective anti-ischemic agent may restore these parameters [8] . ➢ Cardiac heart failure (CHF): The systolic and diastolic functions are important prognostic indicators of a number of cardiac conditions, and problems with these functions are significant causes of CHF. It is linked to the development of AF. The LA volume has also been reported to be strongly associated with systolic and diastolic dysfunction and is considered to be an index of atrial remodeling. P-wave abnormalities have been reported to be associated with left atrial enlargement (LAE). The LA diameter was significantly higher, and the left ventricle ejection fraction (LVEF) was significantly lower in patients with dilated cardiomyopathy. A disturbance in interatrial conduction and an inhomogeneous propagation of the sinus impulse in patients with CHF is associated with an increase in PWD, LA volume and a deleterious systolic and diastolic dysfunction [9] . ➢ Valvular heart disease:
Transcatheter aortic valve replacement (TAVR) in severe aortic stenosis (AS): In patients with severe aortic stenosis, P-wave duration and PWD were shown to be increased, indicating atrial electrical remodeling. P-wave duration and PWD were significantly decreased at the 6-months of followup on post-TAVR indicating early reverse atrial electrical remodeling [10] . Mitral stenosis (MS) and percutaneous transvenous mitral commissurotomy (PTMC): MS is associated with prolonged inter-and intraatrial electromechanical delays and increased PWD, which are markers of AF risk. Successful PTMC has a favorable early impact on inter and intraatrial electromechanical delays, which are considered as novel parameters of atrial electromechanical remodeling in MS patients [11] . ➢ Cardiac surgery: PWD predicts AF after cardiac surgery [12] . ➢ Cryoballoon ablation for atrial fibrillation: After cryoablation a significant decrease of PWD was observed compared to preprocedural measurements [13] . ➢ Cardiac resynchronization therapy (CRT): this procedure causes decreased P-wave maximum duration and PWD along with an improvement of LVEF and a reduction of LA diameter with prevention of AF [14] . ➢ Left atrial appendage exclusion in patients with AF to prevent thrombus formation: produces decreased atrial mass and decreased PWD by reverse electrical atrial remodeling [15] . ➢ After pulmonary vein isolation in patients with normal left atrial dimension: P-wave duration 120ms and PWD are independently associated with higher recurrence rates of AF after pulmonary vein isolation [16] . There is a significant decrease in P-wave duration and PWD after combined percutaneous left atrial appendage ligation and pulmonary vein isolation (PVI) in patients with persistent AF converted to sinus rhythm [17] . ➢ Children with neurally mediated syncope: PWD is a useful ECG predictor of cardiac autonomic dysfunction in children with vasovagal syncope [18] . ➢ Cardiac tumors (left atrial (LA) myxoma): PWD is a parameter for the prediction of postoperative AF in patients with LA myxoma. Only PWD differed significantly between postoperative AF and non-AF. Logistic regression analysis revealed PWD as independent predictors of postoperative AF [19] . ➢ Congenital heart disease 1) Transcatheter closure of an atrial septal defect in children: PWD measurements decrease over time from before the procedure and after one year.
There are no PWD differences in transcatheter closures using the Amplatzer septal occluder one year after the procedure [20] . 2) Transposition of Great Arteries (TGA) after uncomplicated Arterial Switch Operation (ASO): First-degree block and right bundle branch were detected after procedure. In addition, the presence of PWD may increase the risk of atrial arrhythmia [21] . ➢ Hypertrophic Cardiomyopathy: PWD together with LA phasic functions, and N-Terminal Pro-Brain Natriuretic Peptide (NT-proBNP) levels, predict development of AF [22] . ➢ Channelopathies: Intraatrial conduction delay with significantly longer P-wave duration, PWD and more percentage of late potentials than the matched controls. In literature, a special attention is seen devoted to the use of techniques to average the signals in studying P-wave, with the aim of detecting patients susceptible to AF. Several studies proved that individuals with a clinical history of PAF [2] have intraatrial and interatrial conduction significantly longer in sinus rhythm. The presence of atrial LPs indicates risk of AF, since P-wave-triggered signalaveraged ECG (SAECG) enables to detect slow conduction, even in small areas of the atrium [23] . Atrial heterogeneity may exist in Brugada syndrome (BrS) patients, especially those showing type 1 ECG patterns. These atrial electrical abnormalities could be a substrate for atrial reentrant tachycardia such as AF [24] . Among the studied 12-lead ECG parameters, BrS subjects with ATAs exhibit increased values of P-wave duration, PWD, PR interval in lead II, QRS duration, Tpeak-end interval in lead II and V2, and Tpeak-end dispersion of the 12 leads in relation to those without ATAs. Among the assessed electrophysiological parameters, atrial-His (AH) and His-ventricular (HV) intervals are significantly prolonged in subjects with ATAs. All these parameters are independent predictors of ATAs in subjects with BrS [25] . 2. Metabolic-Endocrine diseases ➢ Diabetes mellitus: Diabetes mellitus is an independent and strong risk factor for development of AF.
There is a significant atrial electromechanical delay and PWD in patients with type 2 diabetes mellitus when compared with healthy volunteers [26] .
➢ Insulin resistance in obese adolescents: It is a significant, independent predictor of PWD [27] . ➢ Hypothyroidism: In the pediatric population hypothyroidism causes atrial electromechanical conduction delay, abnormal P-wave dispersion, and ventricle diastolic dysfunction [28] . ➢ Diabetes insipidus: Diabetes insipidus patients without any cardiovascular disease or risk factors displayed significantly shorter QRS duration and increased PWD compared with controls. It was significantly correlated with serum osmolality and hyponatremia observed in severe cases [29] . ➢ Non-alcoholic fatty liver disease (NAFLD) without cardiac disease, diabetes, or hypertension: in a population of NAFLD without any clinical diagnosis of cardiac disease, diabetes, hypertension, increased left atrial volume, PWD was significantly higher when compared with controls [30] . ➢ Weight loss and P-wave dispersion in obese patients: P-wave duration and PWD are significantly reduced in patients who lost more than 5% of weight and this decrease is highly related to the extent of weight loss [31] . 3. Renal diseases ➢ Renal failure: PWD is positively associated with overall and cardiovascular mortality in hemodialysis patients [32] . ➢ Hemodialysis (HD) versus hemodiafiltration (HDF):
P-wave duration and PWD are significantly increased during HD. On the other hand, HDF has a more beneficial effect on P-wave duration and PWD than HD, because the LA diameter decreased significantly only during HDF. The decrease in LA diameter during HDF is negatively correlated with the incidence of APBs. HDF has a more beneficial effect on P-wave duration and PWD than HD [33] .
Respiratory diseases
➢ Chronic obstructive pulmonary disease (COPD): secondary pulmonary hypertension attributable to COPD can affect right atrial (RA) function without causing gross enlargement in the early stages leading to secondary atrial dysfunction and atrial arrhythmias. Secondary pulmonary hypertension is included in the comorbidity criteria of CHF, a condition associated with PWD by heterogeneous atrial depolarization that predisposes to AF in COPD independent of lung function, blood gas and electrolyte levels, and atrial function [34] . ➢ Moderate/severe obstructive sleep apnea-hypopnea index ≥15 treated with nasal continuous positive airway pressure: Three-month therapy significantly decreased PWD [35] . ➢ Respiratory maneuvers simulating Obstructive Sleep Apnea in healthy subjects and in patients with PAF: intrathoracic pressure swings PWD and therefore may represent an independent trigger factor for the development of PAF [36] . ➢ Nasal Septum Deviation: Preoperative PWD and QTcd values were significantly higher in nasal septum deviation patients than in the control group (Pd: 57.40 ± 14.21 vs 34.11 ± 7.12 milliseconds, P < 0.001 [37] . 5. Neurological/psychiatric disorders ➢ Myotonic dystrophy type 1 (MD1): a significantly increased P-wave duration and PWD in these patients compared with age and sex-matched healthy controls. Additionally, a statistically significant increase in PDW and Pmax in MD1 patient's subgroup with AF compared to MD1 patients with no arrhythmias [38] . ➢ Multiple sclerosis: In the group of patients, mean Pwave duration, and PWD were significantly longer than normal controls [39] . ➢ Anorexia nervosa: Increased PWD is observed as a risk for AF in adolescents with anorexia nervosa when compared with the group of controls [40] . ➢ Anxiety disorders [5] . ➢ Hypochondriac patients: they have significantly higher PWD than those of healthy matched controls. 6. Rheumatologic entities ➢ Ankylosing spondylitis [41] . ➢ Rheumatoid arthritis P-wave duration and PWD was found to be higher in rheumatoid arthritis patients than healthy control subjects [42] PWD values increased after endoscopy with a combination of midazolam and propofol sedation [48] . ➢ The effect of trimetazidine: It is an anti-ischemic (antianginal) metabolic agent, which improves myocardial glucose utilization through inhibition of fatty acid metabolism, also known as fatty acid oxidation inhibitor. Additionally, the drug improves cardiac function in CHF patients and may improve Pmax and PWD [49] . 10. Hematological entities ➢ The association of red cell distribution width (RDW) and PWD: RDW is a measure of the variation in sizes of peripheral blood erythrocytes. The parameter is an independent risk factor for new-onset AF such as PWD. Elevated RDW values are caused by ferropenic anemia, deficit of vitamin B12, or folic acid; increased erythrocyte damage; and chronic inflammation. RDW is an independent predictor of CHA 2 RDS 2 -VASc scores [50] . Xiao et al. [51] observed association between red cell distribution width and PWD in patients with ATAs).
Main items to be analyzed in P-wave
P-wave has six components essential for P-wave analysis. They are:
P-wave duration, P-wave amplitude or voltage, P-wave polarity, P-wave axis in the frontal plane, P-wave shape or morphology, and PWD (main object of our revision).
I. P-wave duration: normal value in adults is 60e110 ms (1.5e2.75 small boxes) < 120 ms or 0.12 s (three small boxes). Over the years, the P-wave duration progressively increases. Table 1 shows normal maximal values of the P-wave duration with the advancement of age. Fig. 2 shows the proper mode of measurement of P-wave duration.
P-wave duration measurement onset of the P-wave is defined as the point of first visible upward slope from baseline for positive waveforms (A), and as the point of first downward slope from baseline for negative waveforms (B). The return to baseline was considered as the end of the P-wave.
A′ and B′ represent the improper form of P-wave duration measurement.
II. P-wave amplitude/voltage: maximal normal value < 2.5 mm or 0.25 mV. P-wave amplitude is between 5 mm or 0.05 mV to 2.5 mm 0.25 mV (0.5e2.5 small boxes).
In the precordial leads normal P-wave amplitude is always <1.5 mm.
III. P-wave polarity: always positive in II, I, aVF and from V3 to V6, always negative in aVR and variable in III, aVL and V1eV2. The normal P-wave is typically biphasic in V1, with similar sizes of the positive and negative deflections. Left atrial enlargement causes widening (>40 ms wide) and deepening (>1 mm deep) in V1 of the terminal negative portion of the P-wave. IV. P-wave axis in the frontal plane: Normal P-axis was considered between 0 and þ 75 by manually constructing the mean frontal plane electrical P-axis from standard limb leads [53] . V. P-wave shape or morphology: The shape of a P-wave is usually smooth and rounded. We may see notched P-waves in the frontal plane in partial interatrial block (P-IAB) and LAE produces a broad (120 ms), bifid P-wave in lead II (P mitrale). P-IAB does not have a terminal delayed negative portion of the P-wave in V1. On the other hand, LAE has a positive Morris index [54] (P terminal force in V1 (PTF-V1) ¼ 0.04 mm/s). P-terminal force >0.04 mm/s is indicative of LAE. This is the terminal, negative part of the P-wave in lead V1 expressed as the multiplication of its depth in millimeters and width in seconds (mm/s). The normal PTF-V1 and P-IAB do not exceed 0.04 s wide and 1 mm deep, i.e., 0.04 mm/s. Platonov divided the P-wave morphology using orthogonal leads in three types: Type 1: Upright P-waves in all orthogonal leads d common in healthy subjects below 50 years of age; Type 2: Upright P-waves in leads X and Y and biphasic in lead Z d common in patients with PAF, LAE but may also be seen in healthy patients older than 50; Type 3: Upright in X but biphasic in leads Y and Z d advanced, complete or third degree interatrial block (A-IAB), often associated with prolongation of P-wave >120 ms. This P-wave morphology is uncommon in healthy subjects. Electrical impulse is blocked/delayed in Bachmann's muscular interatrial bundle (BB), but retrograde left atrial activation usually occurs [55] . Note the existence of an open angle between the vector of the first portion of the P-wave (RA) and the last portion (LA). The electrophysiological study demonstrates retrograde activation of the LA. Consequently, P loop/wave in orthogonal lead Y, aVF and III is biphasic (þ/-) or "plus-minus". LA activation occurs by an alternate route rather than proceeding from right to left via the BB [56] (Fig. 3 ).
Electrical impulse is blocked/delayed in Bachmann's muscular interatrial bundle (BB), but retrograde LA activation usually occurs [55] . Note the existence of an open angle between the vector of the first portion of P-wave (RA) and the last portion (LA). Electrophysiological study demonstrates retrograde activation of the LA. Consequently, P-loop/wave in orthogonal lead Y, aVF and III is biphasic (þ/-) or "plus-minus". LA activation occurs by an alternate route rather than proceeding from right to left via the BB [56] .
A: Anterior internodal bundle; BB: Bachmann's bundle; FP: frontal plane; J: bypass James fascicle; LA: left atrium; M: Middle internodal or Wenckebach bundle; P: Posterior internodal or Thorel Bundle; RA: right atrium.
VI. P-wave dispersion: is defined as the difference between the maximum and the minimum P-wave duration recorded from multiple different-surface ECG leads. It has been known that increased P-wave duration and PWD reflect prolongation of intraatrial and interatrial conduction time and the inhomogeneous atrial propagation of sinus impulses [1] , which are well-known electrophysiological characteristics in patients with atrial arrhythmias and especially PAF. Maximum and minimum P-wave durations are calculated from the standard ECG during sinus rhythm. PWD is derived by subtracting the minimum P-wave duration from the maximum in any of the 12 ECG leads. PWD can be calculated by manual measurements (hand-held caliper measurements) or computerized methods. Manual measurement with hand-held calipers is performed by increasing the ECG rate to 50 mm/s and the voltage to 1 mV/cm, accompanied by use of magnification. However, hand-held caliper measurements have less accuracy compared with digital measurements.
Measurement of P-Wave dispersion
P maximum duration and PWD are calculated on a standard surface ECG. They are simple ECG markers that could be used to identify the patients with idiopathic PAF. A P maximum value of 106 ms separated patients with PAF from control subjects with a sensitivity of 83%, a specificity of 72%, and a positive predictive accuracy of 79%. A PWD value 36 ms separated patients from control subjects with a sensitivity of 77%, a specificity of 82%, and a positive predictive accuracy of 85% [5] . In elderly people in sinus Table 1 Normal maximal values of the P-wave duration with the advancement of age [52] . 
Table 2
Main electrocardiographic and electrophysiological markers for atrial fibrillation.
A prolonged P-wave duration (120ms). the global conduction slowing is not an obligatory requirement for development of AF [59] A prolonged PWD (36ms between the widest and the narrowest P-wave) Biphasic configuration of P-waves: Increased PTF-V1: Biphasic "plus-minus" P-wave with terminal negative portion > 40 ms duration and > 1 mm deep in lead V1. This parameter is specific but less sensitive ECG marker of LAE [60] . The P-wave amplitude in leads II and V1 is a significant independent factors for the prediction of new-onset AF [61] . A PR interval prolongation: Between 160 to 190 ms (minimally increase risk), 200 ms (highest risk) [62] . It is an independent predictor of AF [63] . Incomplete Right Bundle Branch Block: It is a novel electrocardiographic strongly and independent marker for early lone AF [63] . Congenital Short QT syndrome [64] : these patients have extremely short atrial effective refractory period (between 120 and 180 ms) Ion channel gene variants in families segregating AF in SCN5A Gene [65] A prolonged atrial SAECGs or prolonged signal-averaged P-wave duration: mean unfiltered P-wave duration of 132 ± 22 ms in X orthogonal lead, 133 ± 23ms in Y orthogonal lead and 154 ± 23 ms in Z orthogonal lead. The positive predictive value of atrial SAECGs in predicting the risk of AF is considerably lower than the negative predictive value [66] . Values of effective atrial refractory periods < 220 ms (shortened refractoriness) were significantly more frequent in patients with post-pacing AF than in patients without [67] .
AF: Atrial fibrillation; LAE: Left atrial enlargement; PTF-V1: P-terminal force in V1; PWD: P-wave dispersion; SAECGs: Signal-averaged ECGs. . Consequently, PWD might be helpful in discriminating patients prone to PAF [57] .
Measurement of PWD has not been standardized yet, however, PWD is calculated by subtracting minimum P-wave duration (P min) from maximum P-wave duration (Pmax), measured from the standard 12-lead surface ECG during sinus rhythm obtained from each patient in supine position following 15 min of rest and room temperature and lighting kept constant (PWD and Pmax are lower in the right lateral decubitus lying position than in other positions) [58] . The paper speed must be of 50 mm/s and amplitude at 20 mm/ mV for the recording calibration. PWD can be calculated by manual measurements on paper or computerize methods. Manual measurement has less accuracy compared with a computerized digital system. The onset of the P-wave is defined as the point of first detectable upward or downward slope from the isoelectric line for positive or negative waveforms, respectively. Return to the isoelectric line is considered as the end of the P-wave. Table 2 shows the ECG and electrophysiological markers prone to AF (predictors).
Summary
PWD is revealed as an important parameter of easy measurement that indicates a greater tendency to the appearance of supraventricular arrhythmias, particularly PAF. A PWD value close to 40ms (one small box with a paper speed of 50ms) is considered increased having been observed both in physiological and pathological scenarios. Increased PWD in elite of athletes explains the higher incidence of AF in this population. A task force to determine definitively the PWD normal limits is mandatory. The molecular substrate involves driving changes affecting the atrial tissue with affectation of numerous sarcolemmal ion channels, gap junctions (Cx43 and Cx40) leading to degrees of fibrosis in the extracellular tissue of the atria, insufficient blood supply, significant anysoisotropic myoelectric activity, thin wall thickness and consequent expansion tendency all well-known electrophysiological alterations.
